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The role of centrioles changes as a function of the cell 
cycle. Centrioles promote formation of spindle poles in 
mitosis and act as basal bodies to assemble primary cilia 
in interphase. Stringent regulations govern conversion be- 
tween these two states. Although the molecular mecha- 
nisms have not been fully elucidated, recent findings have 
begun to shed light on pathways that regulate the conver- 
sion of centrioles to basal bodies and vice versa. Emerg- 
ing studies also provide insights into how defects in the 
balance between centrosome and cilia function could pro- 
mote ciliopathies and cancer. 



Introduction 

Centrioles are barrel-shaped structures that play a central role in 
the formation of centrosomes, cilia, and flagella. The centro- 
some functions as a microtubule-organizing center. In cycling 
cells, centrosomes coordinate spindle pole formation during 
mitosis. In quiescent or interphase (Gl phase) cells, the 
centrosome migrates to the cell surface, whereupon the mother 
centriole forms a basal body that nucleates a primary cilium, an 
antenna-like organelle implicated in signal transduction and 
sensory functions. In this review, we summarize our under- 
standing of the relationship between centrosomes and primary 
cilia, with a special emphasis on the transition between centri- 
ole and basal body assembly and the relationship between this 
switch and cell cycle control. We also discuss the need for an 
accurate switching mechanism, defects in which are expected to 
lead to several human pathologies, including ciliopathies and 
cancer. For a more general discussion of the biology of centro- 
somes and cilia, we direct the reader to several excellent recent 
reviews (Pedersen et al., 2008; Strnad and Gonczy, 2008; Gerdes 
et al., 2009; Azimzadeh and Marshall, 2010). 

Centrosome structure and biogenesis 

Centrosomes function as a microtubule-organizing center in 
animal cells and are a major organizer of spindle microtubules, 
although they are not essential for cell division in all cells. 
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Centrosomes are comprised of two centrioles surrounded by 
material known as the pericentriolar matrix (Fig. 1 A). Typi- 
cally, each centriole has nine triplets of microtubules and mea- 
sures M).5 um in length with a diameter of ~0.2 um. In cycling 
cells, a pair of centrioles, termed the mother and the daughter 
centrioles, recruits the pericentriolar matrix, from which micro- 
tubules emanate. Mother and daughter centrioles inherited from 
a previous cell division are morphologically distinct: the mother 
centriole is the older of the two centrioles and contains subdistal 
and distal appendages (Fig. 1 A). Triplet microtubules transition 
to a doublet pattern at the distal ends of centrioles in the vicinity 
of the subdistal appendages (Paintrand et al., 1992). Subdistal ap- 
pendages play a role in anchoring microtubules (De Brabander 
et al., 1982; Piel et al., 2000), whereas distal appendages are 
thought to be critical for the recruitment of basal bodies to the 
membrane during the assembly of cilia. 

Centrosomes duplicate once per cell cycle except in cer- 
tain cell types or under conditions in which centrosomes are 
formed using a de novo pathway. In most mammalian cells, new 
centrioles, or procentrioles, are formed using preexisting centri- 
oles (the mother and original daughter) as platforms in S phase 
and continue to elongate during passage through S and G2 phases, 
reaching a size approximating that of mother centrioles by M 
phase (Fig. 1 B). Although the original daughter centrioles ac- 
quire appendage proteins in G2 phase, structurally recognizable 
appendages are not yet present at this stage, and the mother cen- 
trioles lose their appendages during this time (Vorobjev and 
Chentsov, 1982). Thus, 1.5 cell cycles are required for the pro- 
centriole to become a mature centriole. Maintenance of an ac- 
curate complement of centrioles is thought to depend on cell 
cycle control and copy number control (Nigg, 2007). A cell cycle 
control mechanism dictates that centrioles duplicate only once 
per cell cycle. Cell fusion studies showed that centriole redupli- 
cation is intrinsically blocked by centrosomes during S and G2 
phase (Wong and Stearns, 2003). Newly formed centrioles tightly 
associate with the parental centrioles until late mitosis, and 
the separation of the centrioles, termed disengagement, occurs 
in late mitosis (Tsou and Stearns, 2006a). Centriole disengage- 
ment is an essential event that requires the cysteine protease, 
separase, and Polo-like kinase (Plkl) and that "licenses" centri- 
ole duplication (Tsou and Stearns, 2006b; Tsou et al., 2009). 
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Figure 1 . Centrosomes, cilia, and the cell cycle. (A) The centrosome is composed of mother and daughter centrioles, and a protein matrix called pericentri- 
olar material. The mother centriole has distal and subdistal appendages. Interconnecting fibers connect the two centrioles. (B] New centrioles (procentrioles) 
assemble in S phase and continue to elongate in G2. The two paired centrioles separate, and the original (oldest) daughter centriole acquires appendage 
proteins in late G2/early M, although these appendages are not visible at this stage (appendages are depicted as dotted lines). After mitosis, the paired 
centrioles become disengaged. In GO, the mother centriole migrates near the plasma membrane to become a basal body, and the primary cilium is formed. 
(C) The basal body localizes near the plasma membrane and nucleates a primary cilium. The mother centriole converts to the basal body, and structures 
that include the transition fibers/distal appendage, basal foot/subdistal appendage, and striated rootlet are observed. The transition fibers tether the basal 
body to the plasma membrane in the transition zone, in which triplet microtubules of the basal body transition to doublet microtubules in the axoneme. The 
axoneme is surrounded by a ciliary membrane. Ciliary pockets are observed near basal bodies. 



Copy number controls specify that only one centriole is dupli- 
cated next to the parental centriole. Importantly, overexpression 
of Plk4 or Sas-6, proteins known to be essential for procentriole 
biogenesis, leads to the formation of extra centrioles, suggest- 
ing that the number of duplicated centrioles in S phase is limited 
by both Plk4 activation and by the amount of Sas-6 (Habedanck 
et al., 2005; Leidel et al., 2005; Kleylein-Sohn et al., 2007; Peel 
et al., 2007; Rodrigues-Martins et al., 2007; Strnad et al., 2007). 
These controls may, in turn, limit the number of primary cilia 
that can be formed in each cell. 

Primary cilia and basal body assembly 

Cilia are made up of a microtubule-based structure, termed the 
axoneme, and the surrounding ciliary membrane (Fig. 1 C). 
Motile cilia usually have a central pair of microtubules and nine 
outer doublet microtubules (9 + 2 structure), whereas nonmotile 
cilia, called primary cilia, lack the central pair (9 + 0 structure) 
and function in sensing and signal transduction. Primary cilia are 
involved in several signaling pathways essential for growth and 
differentiation, including the Hedgehog (Hh), Wnt, and PDGF 
pathways (Eggenschwiler and Anderson, 2007; Berbari et al., 
2009). During its conversion to a basal body that nucleates the 
primary cilium, the mother centriole associates with vesicles 
(ciliary vesicles) that "cap" the distal end (Sorokin, 1962), mi- 
grating to the cell surface and subsequently docking at the plasma 
membrane. The transition zone, an intermediate region between 
the basal body and axoneme, is distinguished by a shift from 



triplet microtubules in the basal body to axonemal doublets and 
the presence of Y-shaped bridges connecting the outer doublet 
microtubules to the ciliary membrane. The association between 
the axonemal microtubules and membrane within this structure 
forms a barrier that allows the selective passage of materials 
into the cilium (Craige et al., 2010; Omran, 2010). Basal bodies 
possess accessory structures, including transition fibers, basal 
feet, and ciliary rootlets. Transition fibers and basal feet are ul- 
trastructurally similar to distal and subdistal appendages, re- 
spectively. Transition fibers/distal appendages are believed to 
anchor the basal body to the membrane in the transition zone 
(Anderson, 1972). Transition fibers/distal appendages also ap- 
pear to be required for the docking of intraflagellar transport 
(IFT) proteins before ciliogenesis (Deane et al., 2001). Stri- 
ated rootlets extend from the proximal end of the basal body 
to the cytoplasm, providing structural support to the cilium 
(Tachietal., 1974). 

Because protein synthesis does not occur inside the cil- 
ium, proteins must be transported from the cytoplasm into 
cilia to build and maintain the organelle. Pioneering studies in 
Chlamydomonas reinhardtii and, subsequently, in Caenorhab- 
ditis elegans revealed an IFT pathway in which cargoes are con- 
veyed from cytoplasm to ciliary tip by kinesin motors and back 
to the cytoplasm by dynein motors (Pedersen and Rosenbaum, 
2008). In cooperation with these motors, multiprotein com- 
plexes termed IFT-A and -B particles are thought to connect the 
cargo and motors. Electron microscopy revealed that there are 
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deep clefts within the membrane near the ciliary base, termed 
the ciliary pocket, and the Golgi network also localizes near the 
basal body (Pazour and Bloodgood, 2008; Rohatgi and Snell, 
2010). Based on these observations, it is not surprising that pro- 
teins involved in vesicular transport play a critical role in cilio- 
genesis. For example, the small GTPase Rab8, which localizes 
to the Golgi, vesicles, and primary cilia, is required for cilio- 
genesis (Yoshimura et al., 2007). Rab8 interacts with a specific 
splice variant of the centrosomal distal/subdistal appendage 
protein ODF2 (outer dense fiber 2)/cenexin in vitro, and this in- 
teraction appears to be required for ciliogenesis (Yoshimura et al., 
2007). Furthermore, Rab8 binds to Rabaptin-5, a regulator of 
endocytosis, and Rabaptin-5 also binds to an IFT protein in 
zebrafish, Elipsa (Dyf-11 in worms), suggesting a molecular 
link between membrane trafficking and the IFT machinery 
(Omori et al., 2008). Importantly, a protein complex (the so- 
called BBSome) consisting of seven proteins implicated in the 
ciliopathy Bardet-Biedl syndrome binds to Rabin-8, a guanine 
nucleotide exchange factor that controls Rab8 activity (Nachury 
et al., 2007). More recently, an ADP ribosylation factor family 
small GTPase, Arl6 (also known as BBS3), was reported to reg- 
ulate BBSome-dependent cargo trafficking (Jin et al., 2010) and 
to act in ciliogenesis and Wnt signaling (Wiens et al., 2010). 
These findings suggest that vesicular transport pathways regu- 
lated by small GTPases are important for the assembly and func- 
tion of cilia by delivering specific molecules from the cytoplasm 
into the primary cilium. 

Links between the cell cycle and the basal 
body-centriole transition 

The mother centriole is transformed into a basal body compe- 
tent to nucleate a primary cilium in quiescent cells (see Intro- 
duction). Indeed, many centrosomal proteins identified by a 
proteomic approach are known to be required for ciliogenesis 
(Andersen et al., 2003; Graser et al., 2007). Clearly, the pres- 
ence of a cilium is incompatible with cell division, presumably 
because the basal body must be released from the cell surface to 
function in mitosis. When cells reenter the cell cycle, primary 
cilia are disassembled, and basal bodies migrate to a position 
near the nucleus to act as a mitotic apparatus, indicating that the 
conversion between centrioles and basal bodies/primary cilia is 
reversible and depends on the cell cycle. Although our under- 
standing of the conversion between centriolar and basal body 
function is still quite rudimentary, several studies have begun to 
provide mechanistic insights into the proteins involved in this 
switching mechanism. 

Mother centriole to basal body transition 
and ciliogenesis 

The role of CP110, Of d"1 , and centriole length. 

Given that basal bodies are assembled from centrioles, it stands 
to reason (a) that a strong set of controls must exist to suppress 
the inappropriate assembly of basal bodies and primary cilia in 
cycling cells and (b) that these controls must depend on cell 
cycle cues. The ability to suppress the expression of genes 
underlying the control of this switching mechanism, thus lead- 
ing to the aberrant assembly of primary cilia in proliferating 
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Figure 2. Modulating the balance between centriolar and ciliary fates. 

The events involved in the conversion of the centriole to the basal body and 
vice versa are shown. Proteins that impact these pathways are listed. Func- 
tional links to proteins in italics were shown exclusively in C. reinhardtii. 



cells (and, reciprocally, the inability to disassemble the organ- 
elle), has begun to shed light on the molecular mechanisms as- 
sociated with basal body formation. Two distal centriolar 
proteins, CP110 and its binding partner Cep97, were shown to 
suppress primary cilia assembly in cycling cells (Spektor et al., 
2007). Depletion of CP1 10 or Cep97 leads to inappropriate cilia 
formation in growing retinal pigment epithelial (RPE-1) and 
3T3 cells, two in vitro models for ciliogenesis, whereas ectopic 
expression of these proteins suppresses cilia formation in quies- 
cent cells. Furthermore, CP110 levels drastically decrease in 
quiescent cells, and the protein completely disappears from 
mother centrioles. These data suggest that CP 110 and Cep97 
may prevent the conversion of mother centrioles to basal bodies 
in cycling cells (Fig. 2). Cep97 loss triggers the disappearance 
of CP1 10, suggesting that the former protein might be required 
to stabilize the latter. CP1 10 encodes a protein without an obvi- 
ous enzymatic activity (Chen et al., 2002; Spektor et al., 2007), 
suggesting that CP1 10 could function structurally to limit micro- 
tubule growth and centriole length. Indeed, an elegant ultra- 
structural study suggests that CP1 10 localizes to the distal ends 
of centrioles, forming a cap above the growing microtubules 
(Kleylein-Sohn et al., 2007). However, it is also possible that an 
associated protein with enzymatic activity is needed to carry out 
an inhibitory role to suppress inappropriate cilia assembly. 

The transition zone is a poorly defined structure, but given 
that it is positioned between the distal region of the basal body 
and the ciliary axoneme and that it assembles exclusively during 
ciliogenesis, proteins associated with this region will undoubt- 
edly play a pivotal role in the early events associated with basal 
body function and assembly of primary cilia. Interestingly, the 
Cep290 protein (the human homologue of which is mutated in 
ciliopathies) was shown to localize to the transition zone in 
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C. reinhardtii, and Cep290 mutants exhibit defects in the con- 
nectors that link transition zone microtubules to the overlying 
membrane, resulting in abnormal transport of materials into 
flagella (Craige et al., 2010). Cep290 in mammalian cells local- 
izes to the distal region of basal bodies near the transition zone 
and to centriolar satellites, granules that surround basal bodies 
and centrosomes (Kim et al., 2008; Tsang et al., 2008). Because 
CP1 10 binds to Cep290 in mammalian cells, and the ability of 
CP110 to suppress ciliogenesis depends on the integrity of its 
Cep290-binding domain (Tsang et al., 2008), it is tempting to 
speculate that CP110 might prevent inappropriate cilia forma- 
tion in cycling cells by antagonizing the ability of Cep290 to 
tether mother centrioles to the membrane or by influencing the 
targeting of proteins to the organelle. However, such models 
await further testing. 

Although recruitment of appendage proteins and formation 
of appendages occur independently of ciliogenesis, these pro- 
teins are required for ciliogenesis (Ishikawa et al., 2005; Graser 
et al., 2007). ODF2 was shown to be essential for the assembly 
of distal and subdistal appendages and for ciliogenesis in mouse 
cells (Ishikawa et al., 2005). Furthermore, immunoelectron 
microscopy indicated that the centriolar protein Cepl64 localizes to 
the distal appendages and that this protein is also required for 
cilia formation (Graser et al., 2007). Depletion of ninein, a sub- 
distal appendage protein, also impaired cilia formation (Graser 
et al., 2007). These findings suggest that the appendage-specific 
proteins function in basal body formation. However, it is impor- 
tant to note that mechanistic roles for these proteins, if any, be- 
yond their association with discrete structures are not yet known. 
High resolution structural and biochemical studies aimed at un- 
derstanding the proteins that associate with appendages and 
populate the transition zone will play a critical role in elucidat- 
ing the centriole to basal body transition. 

It is also notable that several proteins that regulate centri- 
ole length exhibit intimate connections to cilia assembly. For 
example, mammalian Ofdl (oral-facial-digital syndrome 1) was 
recently reported to control centriole length (Singla et al., 2010). 
Remarkably, removal of this distal centriole protein resulted in 
abnormally long centrioles and defects in cilia formation. This 
decreased ciliogenesis was correlated with both abnormally 
long and short centrioles, suggesting that proper formation of 
distal ends and, perhaps, correct centriolar length regulation are 
important for efficient cilia assembly. A lissencephaly type-1- 
like homology (LisH) domain found in Ofdl has been previ- 
ously implicated in the binding and regulation of microtubule 
dynamics, and this may offer further clues for the function of 
this protein (Singla et al., 2010). LisH domain mutations are 
found in human patients with Ofdl, and these defects lead to 
loss of cilia. Interestingly, these mutations also compromised 
regulation of centriole length, recruitment of Cepl64, and local- 
ization of IFT88 but not other IFT proteins (Singla et al., 2010). 
In addition to regulation of ciliogenesis, CP1 10 and Cep97 also 
control the length of centriolar microtubules because depletion 
results in abnormal structures that resemble extra long centri- 
oles in nonciliated cells (Kohlmaier et al., 2009; Schmidt et al., 
2009). Moreover, ectopic expression of centrosomal proteins 
Pocl or CPAP induced abnormally long centrioles in nonciliated 



cells (Keller et al., 2009; Kohlmaier et al., 2009; Schmidt 
et al., 2009; Tang et al, 2009). However, the role of CPAP and 
Pocl in ciliated cells is currently unknown. Despite the recent 
identification of this cohort of proteins that regulate centriole 
length, the functional relationships between them, if any, and 
the detailed mechanisms that underlie length regulation have 
not been elucidated. 

The role of the actin cytoskeleton and other 
proteins. Several studies have illustrated a pivotal role for the 
actin cytoskeletal network in assembling primary cilia. Recently, 
Kim et al. (2010) performed a comprehensive siRNA screen 
and showed that silencing of an actin-related protein, ACTR3, 
or treatment with an inhibitor of actin polymerization (cytocha- 
lasin D) induced cilia formation in cycling RPE-1 cells. MIM 
(missing in metastasis) was also reported to be required for 
ciliogenesis in mesenchymal cells (Bershteyn et al., 2010). 
MIM antagonizes Src-dependent phosphorylation of cortactin, 
an activator of actin branching and polymerization, resulting in pri- 
mary cilia formation. These data suggest that formation of the 
actin network negatively modulates ciliogenesis. Interestingly, 
a mutation in another gene, Talpid3, causes defects in ciliogen- 
esis and actin organization in chickens (Yin et al., 2009). In Talpid3 
mutants, docking of basal bodies to the apical cell membrane is 
abrogated, although mature basal bodies appear to form. These 
results suggest that formation of the apical actin network affects 
the attachment of basal bodies to the cell membrane. 

Other proteins have also been associated with the forma- 
tion of basal bodies. Kim et al. (2010) also found that depletion 
of PLA2G3, a secreted phospholipase, results in cilia formation 
in cycling cells. PLA2G3 localized to centrioles, and knock- 
down of this protein altered the dynamics of recycling endosomes, 
leading to their enhanced concentration around centrosomes. 
Thus, it will be interesting to examine the relationship between 
recycling endosomes and ciliary vesicle transport and assembly. 
Two proteins, MKS1 and MKS3, implicated in the ciliopathy 
Meckel-Gruber syndrome were shown to be required for cilio- 
genesis and for migration of centrosomes to the plasma mem- 
brane (Dawe et al., 2007). Given that centrosomes can localize 
near the membrane in IFT88-depleted cells, these data suggest 
that proteins like MKS 1 and MKS3 are necessary for the trans- 
location of centrioles to the cell surface during basal body for- 
mation but IFT is not. Although Meckel syndrome and several 
candidate proteins have been proposed to play a role in the con- 
version from centrioles to basal bodies, the biochemical mecha- 
nisms through which these proteins function are not clear. It 
will be essential to dissect their roles not only in the assembly 
and structure of centrioles (especially distal regions) but also 
their connections to relevant intracellular events, such as centri- 
ole migration, vesicular trafficking, and IFT. It will also be in- 
teresting to determine how the abundance and localization of 
these proteins are controlled during cell cycle exit and reentry. 

Cilia disassembly and the basal body to 
centriole transition 

Mitogen stimulation of quiescent cells promotes both cell cycle 
reentry and primary cilia disassembly, which was reported to 
occur in two waves (Pugacheva et al., 2007). The first wave of 
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disassembly occurs in Gl phase, shortly after mitogen stimula- 
tion, and the second wave occurs 1 8-24 h after mitogen stimu- 
lation (Pugacheva et al., 2007). Examination of the kinetics of 
cilia shortening and cell cycle progression in serum-stimulated 
cells led to the identification of proteins involved in a cilia dis- 
assembly program. Tucker et al. (1979) found that PDGF induced 
cilia disassembly without DNA synthesis, and furthermore, Ca 2+ or 
FGF could substitute for PDGF in 3T3 cells. Interestingly, a 
PDGF receptor, PDGFaa, localizes to primary cilia in NIH3T3 
cells and mouse embryonic fibroblasts, and ligand-dependent 
activation of PDGFaa is followed by activation of Akt and the 
Mekl/2-Erkl/2 pathways (Schneider et al., 2005), raising the 
possibility that these pathways mediate the signal to induce cilia 
disassembly. Activation of these pathways may also be relevant 
to ciliary loss in cancer cells (see Diseases related to centro- 
some and cilia dysfunction). 

Events downstream of the receptor have received greater 
attention. It has been proposed that Aurora A kinase (AurA) in 
concert with a scaffold protein, HEF1, activates HDAC6, a 
deacetylase for tubulin, and HDAC6, in turn, deacetylates axo- 
nemal microtubules, resulting in cilia disassembly in mamma- 
lian cells (Fig. 2; Pugacheva et al., 2007). It was shown that 
AurA interacts with HEF1 at centrosomes and is activated by 
serum stimulation during cilia resorption, and AurA phosphory- 
lates HDAC6 to activate its cilia disassembly activity. The inhi- 
bition of HEF1, AurA, or HDAC6 prevented cilia disassembly, 
and conversely, microinjection of activated AurA triggers rapid 
cilia resorption. These data suggest that a HEFl-AurA-HDAC6 
pathway mediates cilia disassembly after serum stimulation in 
mammalian cells. Moreover, the C. reinhardtii CALK protein, 
which is distantly related to mammalian AurA, plays a role in 
flagellar disassembly, suggesting that AurA may be universally 
required for cilia resorption (Pan et al., 2004). However, hdac6 
mouse knockouts did not reveal phenotypes that would be ex- 
pected to arise from compromised cilia formation (Zhang et al., 
2008). A possible explanation is that AurA might mediate a cilia 
disassembly pathway in the majority of ciliated cells, whereas 
HDAC6 might act only in specific cells. Recently, an enzyme 
that acetylates a-tubulin on lysine 40 (a-tubulin acetyltransfer- 
ase [a-TAT]) was identified (Akella et al., 2010; Shida et al., 
2010), and it was shown that a-TAT loss provoked a delay in 
cilia formation in mammalian cells, although cilia were, never- 
theless, able to assemble. These data suggest that a-TAT posi- 
tively regulates ciliogenesis and that acetylation of axoneme 
microtubules is required for normal kinetics of cilia assembly in 
mammalian cells. It should now be possible to dissect this path- 
way further, to examine cell cycle control and the balance be- 
tween acetylation and deacetylation of tubulin as it impinges 
upon cilia assembly/disassembly, and to identify other proteins 
downstream of AurA to fully elucidate the mechanisms through 
which AurA mediates cilia disassembly. 

Recently, a centrosomal protein, Ndel, was shown to neg- 
atively regulate ciliary length, and the abnormally long cilia re- 
sulting from Ndel depletion induced a delay in cell cycle reentry 
(Kim et al., 2011). Ndel was shown to regulate ciliary length 
via interaction with a dynein light chain protein, LC8 (Kim 
et al., 2011). Tctex-1, another protein originally identified as a 



light chain subunit of cytoplasmic dynein, was also reported to 
be phosphorylated and recruited to the transition zone before 
S-phase entry and to control cilia disassembly and cell cycle 
progression (Li et al., 201 1). These studies suggest that dynein- 
dependent control of primary cilia length and resorption medi- 
ates cell cycle reentry. 

Several proteins have been shown to promote the release 
of basal bodies from cilia, thereby reversing the constraints im- 
posed by tethering basal bodies to the cell surface and freeing 
up centrioles to function during the mitosis after cilia retraction. 
In C. reinhardtii, katanin, a microtubule-severing ATPase, appears 
to dissolve the link between basal bodies and the transition zone 
when flagella are resorbed (Parker et al, 2010). Another protein, 
Pitchfork (Pifo), was shown to be essential for releasing basal 
bodies from cilia and for cilia retraction in mouse cells (Kinzel 
et al., 2010). Pifo localizes to basal bodies, and Pifo mutant 
mice exhibit nodal cilia-related phenotypes, such as altered 
left-right patterning and heart defects. Interestingly, Pifo acti- 
vates AurA, and this activation is required for cilia disassembly, 
raising the possibility that Pifo functions in cilia resorption 
through an AurA-mediated cilia disassembly pathway. 

Several studies in C. reinhardtii have identified proteins 
that function in flagella resorption. Although IFT is known to be 
indispensable for assembling and maintaining cilia in nearly all 
ciliated cells, IFT also mediates flagella disassembly (Pan and 
Snell, 2005). C. reinhardtii kinesin-13, a member of the Kif-13 
family, which possesses microtubule-depolymerizing activity, 
functions in both flagella assembly and disassembly and is trans- 
ported into flagella by IFT when flagella are shortening (Piao et al., 
2009). A NIMA family kinase, Fa2p, is also essential for nor- 
mal flagella resorption and the G2/M transition (Mahjoub et al., 
2002). Intriguingly, the kinase activity of Fa2p is required for 
deflagellation but not for cell cycle progression (Mahjoub et al., 
2004). These data suggest that the cell cycle defect in Fa2 mutants 
is independent of deflagellation and that Fa2p may function to 
link the two events. The ubiquitin conjugation system was also 
reported to be involved in flagellar disassembly (Huang et al., 
2009). It will be interesting to clarify whether each of these pro- 
teins also mediates cilia disassembly in mammalian cells. 

A central question regarding the role of cell cycle progres- 
sion in the assembly and disassembly of cilia pertains to the 
issue of cause versus consequence. Clearly, the links between 
cellular quiescence and cilia assembly are robust, and given the 
associated kinetics observed in cultured cells, it is tempting to 
suggest that cilia assembly triggers the quiescent state, whereas 
mitogen stimulation triggers its reversal. However, it is extremely 
challenging to make an unequivocal argument for causality in 
either direction, given their clear interdependence. Unraveling 
this complex yet fundamental problem will require the develop- 
ment of genetic tools or chemical inhibitors that can uncouple the 
two processes as well as high resolution imaging (in time and 
space) to visualize the dynamic events associated with them. 

Transcriptional control 

The Foxjl (Forkhead box Jl) and RFX (regulatory factor X) 
family transcription factors have been shown to modulate cilio- 
genesis by controlling the expression of cilia-specific proteins 
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(Thomas et al., 2010). Several studies indicate that Foxj 1 is nec- 
essary for motile cilia formation in zebrafish, Xenopus laevis, 
and mice (Chen et al, 1998; Brody et al., 2000; Stubbs et al., 
2008; Yu et al., 2008; Jacquet et al., 2009). Foxjl regulates 
many genes involved in cilia motility, such as axonemal dyneins 
(Dnahc9, Dnaicl, and Dnalil), a central pair complex compo- 
nent (Spag6), and a radial spoke protein (Rsph4a; Thomas et al., 
2010). The RFX transcription factor DAF-19 was shown to be 
required for sensory cilia assembly through direct regulation of 
expression of ciliary genes in C. elegans (Swoboda et al., 2000; 
Blacque et al., 2005; Efimenko et al., 2005; Chen et al., 2006). 
RFX proteins are also necessary for assembly of both motile 
and primary cilia in metazoans (Dubruille et al., 2002; Bonnafe 
et al., 2004; Ait-Lounis et al., 2007; Ashique et al., 2009; 
El Zein et al., 2009). RFX proteins regulate expression of IFT- 
related proteins (Ift88 and Iftl72), Bardet-Biedl syndrome proteins 
(Bbs-1, -3, -5, and -8), and components of the basal body (B9dl 
and B9d2; Thomas et al., 2010). Whether these transcriptional con- 
trols and/or analogous ones are essential for cell cycle-dependent 
assembly/disassembly of primary cilia is unknown, and it will be 
very interesting to determine the nature of the transcriptional regu- 
latory networks that govern the centriole-basal body switch in 
mammalian cells as they enter or exit from a quiescent state. 

The connection between centriole age 
and ciliogenesis 

Remarkably, centriole age appears to influence cilia formation. 
Anderson and Stearns (2009) found that, after mitosis, cells re- 
ceiving older mother centrioles tend to form primary cilia first 
and that the mother centriole-specific protein ODF2 asymmet- 
rically localizes to older mother centrioles. Given that ODF2 is 
essential for basal body formation, these data suggest that cen- 
triole age determines the amount of ODF2 on mother centrioles 
and, in turn, basal body conversion from mother centrioles. 
Because centriole length and/or distal end formation could in- 
fluence ciliogenesis, it will be interesting to precisely correlate 
length with cilia assembly and to examine mother centrioles of 
different ages at the ultrastructural level. 

Diseases related to centrosome 
and cilia dysfunction 

Genetic diseases caused by defects in the function and/or for- 
mation of cilia are termed ciliopathies, and an ever-increasing 
number of genes have been linked to them. As cilia are found on 
most human cells, an array of diverse pathologies has emerged, 
including Polydactyly, mental retardation, situs inversus, retinal 
degeneration, obesity, diabetes, cyst development in the kidney, 
liver, and pancreas, and cancer. This subject has been covered 
extensively in other reviews (Badano et al., 2006; Fliegauf et al., 
2007; Sharma et al, 2008), and here, we use two examples (cystic 
kidney disease and pancreatic cancer) to illustrate how proper con- 
trols during primary cilia formation are needed to maintain normal 
tissue homeostasis. Both cancer and cystic kidney disease are 
characterized by cellular overproliferation. Thus, a major outstand- 
ing question that is relevant to the cilia and cancer biology fields 
pertains to how ciliogenesis is deregulated in these cells and 
how these ciliary defects adversely affect growth regulation. 



Kidney cysts. Polycystic kidney disease is one of the 
best-studied ciliopathies, characterized by numerous fluid-filled 
cysts that result in massive enlargement of the kidneys (Chapin 
and Caplan, 2010). Interestingly, knocking out IFT20, a compo- 
nent of IFT-B, in mouse kidney ductal cells prevented cilia for- 
mation and promoted rapid postnatal cyst formation (Jonassen 
et al., 2008). The kidney ductal cells in IFT20 knockouts show 
defects in centrosome positioning and misorientation of the mi- 
totic spindles at an early stage (P5) and abnormal enhanced pro- 
liferation and aberrant Wnt signaling at later stages (after P15; 
Jonassen et al., 2008). Although IFT20 has also been shown to 
play a role in membrane trafficking (Finetti et al., 2009), this 
work suggests that loss of cilia in kidney cells causes the release 
of basal bodies, provoking aberrant centrosome positioning and 
inappropriate cell division and, later, overproliferation of kidney 
cells as well as aberrant Wnt signaling. On the other hand, abla- 
tion of the ift88 or kif3a gene in the adult mouse did not cause 
rapid cyst formation in the kidney despite the absence of cilia, 
and the cystic kidney pathology in these mutants depends on 
when cilia are lost, suggesting that cyst formation is not simply 
caused by lack of cilia (Davenport et al., 2007). Adult-specific 
inactivation of KiOa did not lead to overproliferation in precystic 
cells or rapid cyst development; however, defects in planar cell 
polarity were induced in response to abnormal orientation of the 
mitotic spindle in precystic ductal cells (Patel et al., 2008). Further- 
more, acute kidney injury, which stimulates proliferation, induced 
rapid cyst formation in this adult kif3a mutant mouse (Patel et al., 
2008), suggesting that both aberrant planar cell polarity caused 
by lack of cilia and increased cell proliferation are required for 
rapid cyst formation in the adult mouse. Collectively, these studies 
suggest that ciliary loss contributes to kidney cyst formation by 
inducing aberrant cell divisions, although it is also possible that 
loss of cilia, in some settings, promotes overproliferation and 
abnormal signaling in a time-dependent manner (Fig. 3). 

Another example is von Hippel-Lindau (VHL) syndrome, 
an inherited disease characterized by the development of tumors 
in adrenal glands, blood vessels, and the kidney. The VHL 
tumor suppressor protein (pVHL) is an E3 ubiquitin ligase that 
promotes degradation of hypoxia-inducible factors, and up- 
regulation of hypoxia-inducible factors in VHL patients is a key 
step in tumor formation. Several groups showed that pVHL 
localizes to primary cilia and is required for cilia assembly 
(Esteban et al., 2006; Lutz and Burk, 2006; Schermer et al., 
2006), suggesting that abnormal cilia assembly in kidney cells 
of VHL patients causes cyst formation. However, later studies 
showed that loss of pVHL can suppress cilia assembly only in 
combination with depletion of the kinase GSK3pi or the phos- 
phatase and tensin homologue tumor suppressor (PTEN), and 
loss of either of these proteins can result in aberrant cell prolif- 
eration (Thoma et al., 2007; Frew et al., 2008). More recently, 
Thoma et al. (2009) showed that pVHL also localizes to spindle 
poles, and pVHL loss causes spindle misorientation linked to 
unstable astral microtubules and chromosome instability. Thus, 
additional studies will be needed to determine whether ciliary 
defects caused by mutations in pVHL directly lead to cyst for- 
mation. Interestingly, roscovitine, an inhibitor of Cdk's, which 
are known to drive cell cycle progression, effectively blocks 
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Figure 3. Model for cyst formation caused by loss of primary cilia in 
kidney cells. In normal kidney cells, mother centrioles function as basal 
bodies upon which primary cilia are assembled. Several signaling path- 
ways are mediated through primary cilia (red arrows]. Loss of cilia may 
promote defects in centrosome positioning, resulting in mitotic spindle 
misorientation and aberrant cell division; release of basal bodies, permit- 
ting increased proliferation; and defects in signaling pathways orches- 
trated by primary cilia. These abnormalities could lead to cyst formation 
in kidney cells. 

cyst formation in cultured cells and in mouse models of poly- 
cystic kidney disease, although the ability to restore cilia was 
not investigated (Bukanov et al., 2006). 

Pancreatic cancer. Like kidney cells that develop 
into cysts, transformed cells generally lack cilia. Importantly, 
Seeley et al. (2009) recently showed that normal duct, islet, 
and centroacinar cells assemble primary cilia in the pancreas, 
whereas pancreatic ductal adenocarcinoma cells and precursor 
lesions (pancreatic intraepithelial neoplasia), in which K-ras is 
frequently activated, lacked cilia. Intriguingly, these cells lacked 
cilia in the absence of active proliferation. Furthermore, inhibitors 
of two Ras effectors, phosphatidylinositol 3-kinase and mitogen- 
activated protein kinase, restored cilia formation in pancreatic 
cancer cells, but serum starvation, which caused cell cycle arrest, 
did not. These data argue that ongoing proliferation cannot fully 
explain the lack of cilia in pancreatic tumors and neoplasia and 
indicate that activated K-ras signaling can actively suppresses 
primary cilia formation independently from proliferation. These 
findings may have important implications for the etiology of 
pancreatic (and perhaps other) cancers and suggest the need 
to identify direct targets of the Ras pathway involved in cilia 
assembly/disassembly. At least two advantages of ciliary loss 
could be envisioned that would promote tumorigenesis or poly- 
cystic kidney disease: (1) ciliary loss could release centrioles, 
which can assemble mitotic spindles, thereby promoting over- 
proliferation and/or aberrant cell division via misoriented spin- 
dle poles, and (2) normal signaling pathways orchestrated by 
cilia would be lost. Another important question that emerges is 
the extent to which oncogenic signaling — beyond K-ras activa- 
tion — will contribute to the loss of cilia. If proliferative stimuli 
are, in some cases, sufficient to promote disassembly of cilia, 
activation of a multitude of oncogenic signaling pathways (or 
loss of tumor suppressors) may be sufficient to cause disassembly 



of this organelle, and this issue will need to be addressed in the 
context of studies of human cancer. On the other hand, if aberrant 
proliferation is not a sine qua non, alternate mechanisms and down- 
stream effectors of a given oncogene will need to be investigated. 
Animal models will be useful for testing these possibilities. 

Hh signaling depends on the assembly of cilia, and aber- 
rant Hh signaling is associated with human cancer. Surprisingly, 
two studies using mouse models showed that disruption of cilia 
can either mediate or suppress Hh signaling, leading to both 
inhibition and acceleration of tumorigenesis (Han et al., 2009; 
Wong et al., 2009). These results suggest that cilia are important 
for balancing wide-ranging Hh signaling. 

Several findings also indicate that AurA is up-regulated in 
many cancer cells, and overexpression can cause tumors. Be- 
cause AurA was shown to be required for cilia disassembly (Pan 
et al., 2004; Pugacheva et al., 2007) and overexpression of AurA 
promotes centrosome amplification and chromosome instability 
(Meraldi et al., 2004), AurA might control the balance between 
cilia formation and centrosome duplication. However, because 
AurA is involved in many aspects of mitosis, it will be impor- 
tant to dissect the specific contributions of AurA in cilia dis- 
assembly to overall growth deregulation. 

Perspectives 

Studies of the primary cilium, once viewed as a vestigial organ- 
elle, have recently undergone a virtual renaissance with the rec- 
ognition of its pivotal importance in development and disease. 
Nevertheless, we will need to develop additional chemical and 
genetic tools to dissect the relationship between cilia assembly 
and entry into a quiescent state on one hand and cell cycle exit 
and cilia disassembly on the other. Our understanding of mech- 
anisms that convert centrioles to basal bodies will be enhanced 
by additional proteomic approaches, and understanding in de- 
tail the origin of asymmetries and differences between daughter 
and mother centrioles will be essential. The use of high resolu- 
tion techniques to visualize, both in space and in time, the as- 
sembly of proteins that interact at the distal ends of centrioles, 
at the appendages of mother centrioles, and within the transition 
zone will be especially fruitful. Clearly, one interesting possi- 
bility for treatment of both ciliopathies and human cancer could 
involve finding therapeutic avenues that restore the balance be- 
tween basal body and centrosome function, and this possibility 
should further serve to fuel the discovery process. 
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